It uses parameterized, variable-viscosity thermal evolution models to show that the core heat flux increases if the planet's surface heat flux is increased above the value required to eliminate instantaneous radiogenic heat production. Conversely, a sudden reduction in surface heat flux causes the mantle to heat up and the core heat flux to become negative. Thus, if plate tectonics, or some other process causing high surface heat flux, was occurring on early Mars, it is likely to have caused convection in the core and hence generated a magnetic field. Conversely, a reduction in surface heat flux would probably have caused the core to stop convecting and shut off the magnetic field. There is thus an important link between surface processes and core magnetism, which may also be relevant to planets such as Earth and Venus.
Introduction
The thermal evolution of terrestrial planet interiors is thought to be primarily dictated by mantle convection. In the "standard" or simplest picture of this evolution, a monotonic cooling of the planet takes place throughout geologic time. This steady mantle cooling follows inexorably from the following four assumptions:
1. Convective heat flux is a strong positive function of mantle temperature. Typically, convection scaling laws predict that a decrease of mean mantle temperature by 100 K leads to a decrease of heat flow of around a factor of 2. This strong dependence arises from the very strong dependence of mantle viscosity on temperature.
2. The "equilibrium" mantle heat flow decreases throughout geologic time. Here, equilibrium is defined as the heat flow predicted by the instantaneous heat production of radioactive elements. The decline in this heat flow arises from the half-lives of the relevant isotopes 4øK,235 U,238 U, and 232Th. models permit [McKenzie and Richter, 1981] . Possibly, there is layering (either chemical or due to phase transitions) which may have varied through geologic time. On Venus, estimates of current thermal lithospheric thickness suggest a far lower current heat flow than for the similar mass Earth and probably lower than the equilibrium value [Solomatov and Moresi, 1996; Nimmo and McKenzie, 1998 ], suggesting that the interior may actually be heating up. This could arise if Venus is passing through a transition in convective behavior, either a secular transition from plate tectonics to a single plate planet regime or an episodic behavior [Turcotte, but those models predict that the field would likely have persisted for of order one or two billion years, or even more. In these conventional monotonically cooling models, the existence or absence of a dynamo depends not only on the cooling rate but the presence or absence of an inner core. This depends, in turn, on the abundance of sulfur in the core. Typically, these models require that the sulfur content be larger than some critical value, since otherwise an inner core will form and the dynamo will persist, perhaps through to and beyond the present day. These kinds of models are reviewed by Schubert et al. [1992] and Spohn et al. [1998] .
Although magnetic anomalies within the southern highlands are large (~ 1000 nT), neither the Hellas nor the Argyre impact basins shows a magnetic field greater than at most 100 nT at ~100 km altitude. This observation suggests that the Martian dynamo was already extinct when these basins formed, probably at ~4 Gyr B.P. [Strom et al., 1992] , in contrast to the predictions of the models outlined above.
In this paper we examine one particular modification to simple thermal evolution models: we suppose that Mars had an early plate tectonic episode, replaced later by a single plate or "stagnant lid" regime. Sleep [1994] proposed a plate tectonic episode for Mars. Part of the attractiveness of this idea is the striking differences between the younger, smoother, thinner-crust northern hemisphere and the older, rougher, thicker-crust southern hemisphere. Recent Mars Global Surveyor (MGS) altimetry and gravity data reaffirm the differences between north and south [Smith et al., 1999] . der 10 cm/yr to eliminate heat. Of course, it might be that the magnetization is confined to a thinner layer. Another possibility is that the linearions may be a consequence of plate tectonics but not a local spreading center. We conclude that arguments for an early plate tectonic epoch are not compelling but neither can they be readily dismissed.
There are many possible implications of a plate tectonic epoch on Mars, but for our consideration, one is paramount: plate tectonics is potentially a far more efficient eliminator of heat than the stagnant lid regime.
The main reason for this is that plate tectonics recycles the entire lithosphere, including material that is up to a thousand degrees colder than the mantle. By contrast, the material mobilized and recycled in a stagnant lid regime is only at most a few hundred degrees colder than mean mantle. Of course, plate tectonics may also have impediments special to that mechanism and not so readily quantified because they are not conventional fluid mechanics. These involve the mechanics of faults and collision zones and may influence the scaling laws for this kind of convection [Conrad and Hager, 1999 ]. Nevertheless, Earth shows us that plate tectonics can manage to behave somewhat like constant viscosity convection, and it is the implications of this hypothesis that we wish to examine in more detail.
Evidently, a planet that changes from plate tectonics to no plate tectonics will be changing from an eflicient to an inefficient mode of heat expulsion. It accommodates this transition by heating up internally, since that lowers the viscosity and remobilizes the convection. A necessary (but not sufficient) condition for core convection is core cooling, and the core cannot continue to cool if the overlying mantle is heating up. Accordingly, core convection may turn off and the dynamo may cease to operate. We examine here the hypothesis that the cessation of the Martian dynamo is intimately linked to the cessation of an early plate tectonic regime. We are not advancing any explanation for the cessation of plate tectonics at ~500 Ma, nor are we necessarily saying that plate tectonics ever happened at all. Our main conclusion is that if plate tectonics did happen early on, it would have made the generation of a magnetic field more likely. It is the proposed link between surface processes and dynamo generation which is the important point. We note also that in the models suggested here, the link between the presence of an inner core and the persistence of a dynamo to later times no longer need exist. Even if Mars has an inner core, it will not generate a dynamo if the core is not cooling significantly at later times, as the new models proposed below suggest. Unfortunately, there is no experiment or observation in the near future that is likely to tell us whether Mars has an inner core.
Martian Core
Neither the nature nor the exact composition of the Martian core is well known. Assuming a mantle Mg number of 0.75, the most likely core radius from moment of inertia data is from 1300 to 1700 km [Folknet et al., 1997] . Compositional models based on SNC meteorites and gravity data suggest that the core may contain from 3.5 to 33.8 wt% sulfur [Longhi et al., 1992] , which lowers the melting point by several hundred kelvins [Boehler, 1996] . Although there is no direct evidence for whether the Martian core is at least partially liquid, the sulfur content and previous thermal evolution models [Stevenson et 
Theory
If we restrict ourselves to viscous theologies, then theory and experiment agree that the only convective regime available for a terrestrial planet is the asymptotic stagnant lid regime. In this regime the outermost regions are not participating in the flow because they are enormously more viscous than the deep interior. As a result, the outer shell in which conduction dominates can be subdivided into two parts. The deeper, usually thinner portion consists of the material that has no more than about 3 x 10 a times the mantle viscosity at 
?F• Although this result is based in part on a global energy argument and is well calibrated by recent numerical experiments, it is largely in agreement with a much older "local" analysis, which states that the boundary layer has a fixed "local" Rayleigh number close to the value needed for instability (i.e., of order 500.) This is explained in the appendix. This local analysis helps to explain and justify the approach developed below for the transition from plate tectonics to stagnant lid, and it also motivates one possible treatment of the lower boundary layer.
Except for minor uncertainties in the value of a, the result for F•l should apply to both internal-heating and bottom-heated systems. However, we also need a prescription for the bottom boundary layer (the thin layer immediately above the core-mantle boundary). Existing numerical and theoretical efforts do not appear to provide a simple result for this, and there is unlikely to be a simple result (i.e., it surely depends on the ratio of internal to bottom heating as well as on the local materim properties.) The inapp]icability of results contained in Cartesian geometries is a particular concern. Irrespective of geometry, the core heat flux F• is given by
where Tc is the core temperature, Tm is the mantle temperature, and 5b is the boundary layer thickness at the bottom. Two limiting cases can be envisaged. In one, it is supposed that the large-scale circulation is presumed to be dominated by the top boundary layer (where the total heat flow is much larger) and dictates the time that material spends at the CMB. In other words, the boundary layer thickness at the bottom is the same as at the top, since this will mean that the time spent in the boundary layer is the same at the top and bottom. Obviously, this can be at best a crude approximation, since it ignores complexities of geometry and viscosity variation with depth. This assumption implies that, neglecting the complications of spherical geometry, the ratio of heat flow from the core to heat flow at the planet surface is the same as the ratio of (Tc-Tin) to 8/7; the latter is around 300- 
F, = k(T• -T,)/L(t). (10)
Consider a time interval dt during which the average mantle temperature has increased by dT• and the thermal lithospheric thickness has increased by dL. By the first law of thermodynamics, the heat output of the Table 1 ). The heat flux out of the core was F½, and that out of the top of the mantle was F,•. F½ was calculated using (5) and (6) with a critical Rayleigh number of 500. F,• was calculated using (3) with a value of a of 2.0. After each time step the core and mantle temperatures were updated according to (14) and (15). The interior viscosity was updated using (2), and the cycle then repeated. The time step used was I Ma.
planet in time dt is then pCp[(T• -T•)(L/2 +dL) -(T• + dT• -T•)(L + dL)/2 + T•(L + dL)]. The term T•(L + dL) arises from assuming that
The initial temperatures Tc and Tm were usually assumed to be equal. Different models were characterized by different initial temperatures and reference viscos- ity values •/0. In some models the surface heat flux was assumed initially to be governed by plate tectonics (equation (8) The assumption that an early episode of plate tectonics can be represented by (8) is unlikely to be correct in detail, but there is currently no justification for using a more complicated model. If the viscosity multiplier in the plate tectonic regime is reduced to 1 (see section 4), the core heat flux typically increases by a few mW m -2. Simply fixing the surface heat flux to 120 mW m -2 for the first 0.5 Gyr gives similar results to the present study. Any situation in which the rate of heat loss exceeds the heat generation rate will produce a strong temperature contrast at the core-mantle boundary and be likely to generate core convection.
As Figure 2 shows, changing the starting temperature has rather little effect on the outcome, because the time The parameter 7 may be related to measurable rheological constants by assuming that the viscosity is governed by an Arrhenius relationship. It can be shown that [Reese et al., 1999b] ? = E/RTi 2,
where E is the activation energy of the mantle material, R is the gas constant, and 5q is the temperature. The
